Oligonucleotide DNA microarrays were used for a genome-wide analysis of immune-challenged Drosophila infected with Grampositive or Gram-negative bacteria, or with fungi. Aside from the expression of an established set of immune defense genes, a significant number of previously unseen immune-induced genes were found. Genes of particular interest include corin-and Stubblelike genes, both of which have a type II transmembrane domain; easter-and snake-like genes, which may fulfil the roles of easter and snake in the Toll pathway; and a masquerade-like gene, potentially involved in enzyme regulation. The microarray data has also helped to greatly reduce the number of target genes in large gene groups, such as the proteases, helping to direct the choices for future mutant studies. Many of the up-regulated genes fit into the current conceptual framework of host defense, whereas others, including the substantial number of genes with unknown functions, offer new avenues for research.
I
nnate immunity is the first-line defense of multicellular organisms that operates to limit infection after exposure to microbes. Invertebrates and vertebrates share a common ancestry for this defense system, illustrated by the striking conservation of the intracellular signaling pathways that regulate the rapid transcriptional response to infection in the fruit fly Drosophila and in mammals (1, 2) .
Because of its flexible genetics, Drosophila has emerged as a powerful model system for the study of innate immunity. Prominent among the innate immunity reactions is the phagocytosis or encapsulation of the invading organism by the hemocytes (3) and the massive synthesis of antimicrobial peptides by the fat body (4, 5) , a functional equivalent of the liver. Transcriptional induction of antimicrobial peptide genes is known to be controlled by at least two distinct pathways, Toll and Imd (6) .
Although much has been learned about Drosophila immunity through genetic screens and biochemical analyses, many questions remain. For example, what gene products are responsible for recognition of invading pathogens and how do they activate the Toll or Imd pathways? What genes other than the antimicrobial peptide genes are induced after immune challenge and what roles do these genes play in the innate immune response? To complement the genetic approaches currently underway, transcriptional profiling experiments were carried out to survey the majority of Drosophila genes for their response to bacterial and fungal infection, using Affymetrix (Santa Clara, CA) GeneChips. The induction of the various Drosophila antimicrobial peptides correlated well with many earlier studies based on Northern blotting experiments (7, 8) , confirming the accuracy of the microarray methodology used. In addition, a large number of genes previously unknown to be induced by infection were identified. The potential role of these genes in recognition, signaling, and effector mechanisms of the Drosophila immune response can now be assessed by using reverse genetic tools available in Drosophila.
Materials and Methods
Drosophila Stocks. Cinnabar brown flies (cn bw) were reared on standard cornmeal medium in vials held in humid culture rooms, at either 18 or 25°C. Adult male flies were removed from the colonies at 1-day-old and kept at 18°C until 3 days old. At this age, flies were either inoculated or designated as controls. Control and infected flies were snap-frozen in liquid nitrogen and stored at Ϫ80°C before extraction of total RNA.
Microbial Challenge of Flies. Inoculation with bacteria. The bacteria Escherichia coli and Micrococcus luteus were precultured in LB medium. Pellets taken when the cultures were in the log phase of growth were resuspended in a small amount of culture medium, and sharpened needles dipped into these suspensions were used to inoculate the flies. Flies were harvested at 6, 12, and 48 h after inoculation.
Natural infection with fungi. Flies anaesthetized with CO 2 were shaken for a few minutes in a Petri dish containing a sporulating culture of Beauveria bassiana. Flies covered with spores were placed in fresh tubes of Drosophila medium and kept at 25°C. Flies were collected 3 days after infection.
Sample Preparation and Analysis. For each time point and infection type, three samples were analyzed by using the microarrays. Five control samples were also analyzed. Total RNA was prepared by using a mixer mill and RNeasy midipreps, according to the manufacturer's instructions (Qiagen, Hilden, Germany). The RNA was then processed, labeled, and hybridized to Affymetrix GeneChips according to the manufacturer's instructions with slight modifications. Data analysis was carried out by using GENESPRING software (Silicon Genetics, Redwood City, CA). Full details of these methods are presented in Supporting Materials and Methods, which is published as supporting information on the PNAS web site, www.pnas.org, along with the Multiplex Quantitative real-time reverse transcription (RT)-PCR protocols, primer, and probe sequences.
Results and Discussion
Male flies were subjected to three types of immune challenge: inoculation with the Gram-negative E. coli or the Gram-positive M. luteus, or natural fungal infection with B. bassiana. RNA, extracted 6, 12, or 48 h after bacterial challenge or 3 days after fungal infection, was hybridized to Affymetrix Drosophila GeneChips. Expression values were derived from the average of at least 3 microarrays. For the individual genes discussed in the body of this article, the CG identifier and the highest level of expression for each treatment are given in Table 1 .
In all of the experiments, Andropin, a challenge-independent antimicrobial peptide gene that is constitutively produced in the male genital tract (9) , was expressed at constant levels. This constancy of expression after a variety of immunological chal- (5), all of the antimicrobial peptide genes were represented on the array. The expression of some or all of these antimicrobial peptide genes was induced by the three types of immune challenge (Fig. 1) . Bacterial infection induced the expression of all antimicrobial peptide genes, although, because of the lack of signal in naive flies, the expression of CecropinB cannot be confirmed with the current data. High absolute levels of expression were observed in the case of Gram-negative infection for Metchnikowin, Attacins (A, B, and C), Diptericins (A and B), Cecropins (A1 and A2), and Drosocin, whereas Drosomycin and Defensin showed moderate levels of expression. CecropinC and AttacinD genes were expressed at very low levels, even after microbial challenge. In these experiments, the Cecropin and Attacin genes seemed to react more rapidly than the other antimicrobial peptide genes, with expression levels peaking as early as 6 h after challenge (as compared with 12 h for the other antimicrobial peptide genes). Gram-positive infection gave results similar to those with Gram-negative infection, with two exceptions. (i) All antimicrobial peptide genes showed maximum expression at 6 h, and (ii) Metchnikowin and Drosomycin expression persisted at elevated levels until at least 48 h after infection. In the case of natural fungal infection, only Metchnikowin and Drosomycin were found to be strongly upregulated after 3 days.
The results obtained were globally similar to those found in earlier studies based on Northern blot analysis (7, 8) . In particular, they show the differential induction of antimicrobial peptide genes by bacterial challenge vs. fungal infection. However, as no other method has been used to simultaneously resolve all of the variants of the Attacin, Cecropin, and Diptericin gene families, a more detailed comparison of any two approaches is not possible. Concurrently with microarray analysis, multiplex real-time quantitative PCR was used to assess the induction levels for three of the antimicrobial peptide genes, Diptericin, Drosomycin, and Attacin A, after the various immune challenges. The data were in agreement with the results obtained with the microarray technique (data not shown). It was therefore concluded that the array methodology, as used under the conditions presented here, gave a valid assessment of transcript levels in the context of the Drosophila immune response.
Global analysis of the expression data revealed that 8,459 of the 13,600 genes represented on the array were expressed in naïve flies. Bacterial or fungal immune challenge induced expression levels for 543 genes by at least 2-fold. Our confidence limit for detecting meaningful changes in expression was Ϸ1.8-fold, and this provided the primary criteria for selecting an induction threshold of 2-fold. For each type of infection, between 219 and 351 genes were up-regulated by 2-fold or more, with many up-regulated by more than one pathogen. Approximately half of these immune-responsive genes have been fully described or have been ascribed a putative function through their similarity to known genes from other organisms (10) .
Genes from many different functional classes were upregulated by 2-fold or more by immune challenge. These categories included actin-associated, calcium binding, cell adhesion, chaperones, heat-shock proteins, enzyme inhibitors, growth factors, carrier proteins, motor proteins, nucleic acid-binding factors, structural proteins (cytoskeleton, cuticle, and muscle), transcription factors, and others (classification as per FlyBase on June 1, 2001; http:͞͞flybase.bio.indiana.edu) (Fig. 3) . The com- plete data set of genes induced by at least a factor of 2 is available in Supporting Materials and Methods, which is published as supporting information on the PNAS web site. The consequent analysis was focused on addressing the following questions: (i) How are the genes of known immune intracellular signaling pathways affected by infection? (ii) What are the most strongly induced genes? (iii) Do the profiles provide novel insights into the Drosophila host defense system?
(i) How Are the Genes of Known Immune Intracellular Signaling Pathways Affected by Infection?
Genetic and biochemical analyses to date have implicated two major intracellular signaling pathways in the control of expression of immune-responsive genes (Fig. 3) . The Toll pathway directs expression of Drosomycin, Metchnikowin, and a large number of defense-related polypeptides (Drosophila immuneinduced molecules, proteases, serpins, etc.; ref. 11). The Imd pathway regulates expression of the antibacterial peptide genes (12) . More than 20 genes involved in the Toll and Imd signaling pathways have now been identified. It was not anticipated that these genes themselves would necessarily be strongly induced by immune challenge, in contrast to the circulating recognition and effector polypeptides described below. Nevertheless, practically all known genes of the Toll signaling cascade were at least modestly up-regulated. More surprisingly, the dorsal gene was strongly induced (ϫ8) by bacterial challenge. As antimicrobial peptide gene expression is unperturbed in dorsal mutants (13) , induction of this Rel protein gene suggests that it may play an as yet undescribed role in the immune response. The cactus gene was also noticeably up-regulated (ϫ3) by Gram-positive bacterial and fungal challenge, in keeping with the immune role of the Cactus protein of retaining the Rel proteins Dorsal and Dif in the cytoplasm (11) . Up-regulation of cactus expression by immune challenge ultimately contributes to shutting-off expression of the immune-responsive genes, which is observed for a large proportion of genes 12-48 h after their initial induction by challenge. In contrast to dorsal, no marked induction of the Dif gene was observed. This finding was unexpected given the published evidence of Dif involvement in the Toll pathway (14) . One explication may be that Dif expression peaked in between the time points used in these experiments. Alternatively, the lack of a Dif signal from these experiments could indicate the inability of the arrays used here to detect this gene.
With regard to the genes of the Imd signaling pathway, there was a noticeable up-regulation of Relish (ϫ3), which was similar for all three immune challenges. Interestingly, the level of Relish expression in naive adults was severalfold that of dorsal. As these genes are at roughly the same point in their appropriate signaling pathways (Fig. 2) , there are two possible explanations for the difference in background levels. The first is that the level of gene expression in naive flies may indicate the degree of ''readiness'' of each system to be set in motion, implying that the Imd pathway Genes were assigned to functional categories according to the protocol described in Table 2 (which is published as supporting information on the PNAS web site) with the additional fusion of enzymes, proteases, and kinases into one category and the regroupment of all categories containing six genes or less into ''other.'' (B) Number of genes whose expression was upregulated 2-fold or more according to microbial challenge, excluding genes of unknown function. Genes were assigned to functional categories according to the protocol described in Table 2 with the regroupment of all categories containing six genes or less into ''other. '' would be able to respond more rapidly or at an immediately higher level than that of Toll. A second possibility is that Relish fulfills a separate, as yet unknown, metabolic role in the unchallenged adult fly. Finally, the Imd pathway genes encoding the Death Domain protein Imd (15), the caspase-8 homologue Dredd (16) , and the IKK␥͞NEMO homologue Kenny (17), were modestly up-regulated (less than 2-fold).
(ii) What Are the Most Strongly Induced Genes? With a few exceptions, the genes most strongly induced by immune challenge in this study encode polypeptides known or presumed to be secreted into the hemolymph. These include the antimicrobial peptides discussed above, putative microbial pattern-recognition proteins, proteases, and their inhibitors. The recognition proteins belong to two categories initially identified in other insect species: the Gram-negative binding proteins (GNBPs; refs. [18] [19] [20] and peptidoglycan recognition proteins (PGRPs; ref. 21 ). The Drosophila genome contains five genes predicted to encode GNBPs. Only one of these five genes (CG13422) is very strongly up-regulated, and this up-regulation is observed for all three types of infection. Of the 13 predicted PGRP genes, 5 are markedly immune-responsive (to all types of challenges) and 4 of these encode putatively secreted proteins (PGRP-SA, PGRP-SB1, PGRP-SC, and PGRP-SD). It is interesting to note that the GNBP and PGRP genes that are strongly induced are also expressed at relatively high levels in naive adults. The flies used in the experiments were not raised in aseptic conditions and, as both gene families are possibly involved in the recognition of non-self, the base-line levels of the immune-inducible family members may indicate the presence of minor microbial infections or stress within the naive population.
A large number of proteases, along with a few protease-like polypeptides and protease inhibitors, were induced by infection. Many of these are zymogens, inactive protease precursors containing N-terminal disulfide-knotted motifs (CLIP domains) that are assumed to play a role in regulating the processing of the proenzyme form to the active enzyme (22) . It is interesting to put these data in perspective with the activation of the Toll signaling pathway, which directs expression of a large variety of immuneresponsive genes. Toll is activated through a proteolytic amplification cascade resulting in the cleavage of the cytokine Spaetzle. The proteases of this cascade have not been identified and it is assumed, on the basis of genetic evidence, that they are distinct from the Snake and Easter proteases, which are involved in Spaetzle cleavage in early embryos during dorsal-ventral patterning (Fig. 2) . No obvious up-regulation of snake and easter was observed, but several genes encoding Easter-and Snake-like serine proteases were induced, particularly in response to Grampositive bacteria and fungi. These genes are good candidates for fulfilling the roles of easter and snake in activating Toll during the immune response. Several other genes encoding secreted proteases (e.g., cathepsin-, Stubble-, and hepsin-like) were also up-regulated and, as for the easter-and snake-like genes, their precise roles in the host defense remain to be established.
The large spectrum of protease genes reacting to immune challenge is paralleled by induced expression of numerous protease-inhibitor genes, most of which are predicted to be secreted. Three of the genes belong to the Kunitz family of inhibitors and several others are serine-protease inhibitors (serpins). A strongly induced member of this family is the necrotic gene, previously shown to be involved in the regulation of the hemolymph protease cascade that leads to the cleavage of Spaetzle and activation of Toll (23) . The data point to similar up-regulation of a necrotic-like gene, which is a plausible candidate for regulation of further proteolytic cascades in the hemolymph of challenged flies.
The majority of the other induced serpin genes encode proteins with similarity to the anti-thrombins. Several members of a newly described serpin family, referred to as sp1-sp6 (24), seem to be specifically up-regulated in response to either fungal infection (sp1) or bacterial infection (sp2, sp5).
The most strongly induced of all of the genes analyzed in the study was a masquerade-like gene, minimally up-regulated by Gram-negative challenge, but responding dramatically to Grampositive infection (36-fold) and fungal infection (60-fold), both of which trigger the Toll pathway. Among the features of the predicted protein for the gene is trypsin-like serine proteinase domain at the C terminus, probably not active due to a serine to glycine replacement in the active site. The Masquerade-like proteins discovered in other invertebrates are suggested to act as antagonists of serine proteases, sequestering the protease targets and thus regulating enzymatic activity (25) (26) (27) .
Finally, it is noteworthy to mention in this section that the gene encoding the thiolester-containing protein dTEPII, a member of the complement factor C3͞␣2 macroglobulin superfamily, is also strongly up-regulated by all three types of challenge. dTEPII is a secreted protein that has been proposed to participate in the host defense (28) .
The observed up-regulation of putative circulating recognition proteins and proteases agrees with the current view that the systemic antimicrobial response is triggered when microorganisms interact with hemolymph proteins and activate proteolytic amplification cascades. Although there are 421 known proteases in Drosophila (http:͞͞flybase.bio.indiana.edu), only 26 were up-regulated by a factor of 2 or more, and only 8 by more than 3-fold in this study, illustrating how the microarray approach can narrow down a large number of potential candidate genes to a more tractable number.
(iii) Do the Profiles Provide Novel Insights into the Drosophila Host Defense System?
In addition to genes whose increased expression could be reasonably expected, there were also a large number of induced genes that had not been linked previously to the immune response in Drosophila. Presented here are some examples for which future experiments in the context of host defense seem warranted.
Among the functions of the kallikrein-kininogen-kinin system in mammals are responses to septic shock and the initiation of inflammation, involving tissue-specific and plasma factors (29) . Two kallikrein-like genes were induced by bacterial challenge, one encoding a secreted protein (CG10882) and the other a transmembrane protein (CG16821). Both have an active protease site, and the combination of circulating and membranebound proteases raises the possibility that Drosophila relies on an equivalent of a kallikrein-kininogen-kinin system, which could have, as in vertebrates, a proinflammatory function. In keeping with this idea, some of the recently identified small-sized Drosophila immune-induced molecules found in immune-induced hemolymph (30) are good candidates for a kinin-like role in this system.
Two particularly interesting genes encoding type II transmembrane proteins were up-regulated. The first was up-regulated (ϫ3) by all three immune challenges and encoded a homologue of mammalian corin (CG2105), a mosaic protein with two frizzled-like cysteine-rich motifs, a macrophage scavenger receptor-like domain, and a trypsin-like protease domain in the extracellular region. The second gene was one of the Stubble-like genes up-regulated during fungal infection (CG9645), encoding a transmembrane serine protease with structural similarities to mammalian hepsin. Both hepsin and corin are involved in blood circulation and coagulation in mammals (31, 32) . Because almost nothing is known about the process of coagulation in Drosophila, the genes induced are of interest as they may play similar roles to their mammalian counterparts.
Caspases are known to play a role in apoptosis; however, the function of a number of caspases is still unclear (33) . Several caspases were induced: drICE (up-regulated in all three types of immune challenges), Decay (induced by fungal infection), Daydream (induced by fungal and Gram-positive bacterial infection), and Dredd (implicated in the activation of the Imd pathway and up-regulated by bacteria). As nonapoptotic roles have been found for a number of caspases (33) , the exact function of those up-regulated during the immune response remains to be clarified.
Finally, the genes encoding the growth factors Short Gastrulation, Imagical Disk Growth Factor 3, and Decapentaplegic are up-regulated by bacterial challenge. These genes function downstream of Toll, or later, during dorsal-ventral patterning in the embryo. Several other factors involved in dorsal-ventral patterning are known to be involved in the Toll immune response pathway, and it is interesting to consider whether these genes may also play a role during the immune response.
The data at hand did not point to a clear-cut signature for each of the three types of infection beyond what was already known. Rather, the same categories of genes were induced by all infections. Bacterial challenge induced a larger number of known defense proteins, reflecting the induction of the numerous antimicrobial peptide genes following septic injury. B. bassiana and M. luteus seemed to induce more protease genes than E. coli, possibly as a result of their preferential induction of the Toll pathway, which is regulated by a protease cascade. Clearly more experiments with distinct bacterial and fungal species are required to furnish a more complete picture of such pathogen-specific responses. It is important, however, to reiterate that in this study 47% of the genes induced by 2-fold or more after immune challenge are for the time being labeled as unknowns, lacking apparent similarities to known genes in the databases. Further, the groups of genes up-regulated by each of the three challenges differ significantly more among the cohorts of unknown genes than among genes with known or proposed functions. Future analysis of these unknown genes will undoubtedly increase the understanding of pathogen-specific immune responses.
In conclusion, this genome-wide analysis of immunechallenged Drosophila with DNA microarrays provided results that agree with previous findings as well as identifying a significant number of novel immune-induced genes. Some of the previously unseen immune-induced genes fit into the current conceptual framework of the host defense, whereas others offer new avenues for research. Singling-out these genes from the whole genome sequence will help to establish priorities for precise functional studies based on mutant analysis. Surprisingly, the data has also shown that nearly half of the immune-induced genes in Drosophila have not yet been ascribed a putative function and do not show obvious similarities to any known genes. This finding is a dramatic illustration of the distance that still separates us from a reasonable understanding of the prototypical innate immune response of this model organism.
